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ABSTRACT 
 
 
 
Evaluation of an Approximate Method for Incorporating Floating  
Docks in Harbor Wave Prediction Models. (August 2005) 
Zhaoxiang Tang, B.E., Harbin Engineering University  
Co-Chairs of Advisory Committee: Dr. Billy L. Edge  
                                                             Dr. Vijay Panchang 
 
 Computer models are nowadays routinely used in harbor engineering 
applications. Models based on the two-dimensional elliptic mild-slope equation can 
simultaneously simulate refraction, diffraction, reflection, and dissipation in completely 
arbitrary coastal domains. However, floating structures such as floating breakwaters and 
docks are often encountered in the modeling domain. This makes the problem locally 3-
dimensional. Hence it is problematic to incorporate a floating structure into the 2-d 
model. Tsay and Liu (1983) proposed a highly simplified but approximate approach to 
handle this problem practically. The validity of their approach is examined in detail and 
it is found that the actual solutions deviate considerably from the theoretical solutions, 
although their approximation provides results with the correct trend. Therefore, 
correction factors have been developed and may be used to produce more reliable results 
using the framework of Tsay and Liu (1983). The resulting method is applied to Douglas 
harbor in Alaska. The result shows that docks in the harbor distort the wave field 
considerably and create a reflective pattern that can affect navigation safety in some 
areas. Also plots are developed for the transmission coefficients for waves propagating 
  
iv 
past rectangular and cylindrical floating objects of infinite extent for a wide range of 
conditions encountered in practice.   
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CHAPTER I 
INTRODUCTION 
 
Motivation 
             The past several years have seen the development of sophisticated coastal wave 
transformation models, which can simultaneously simulate refraction, diffraction, 
reflection, and dissipation in completely arbitrary coastal domains (for example, the 
model CGWAVE, Demirbilek and Panchang 1998).  Based on different mathematical 
formulations, these models are mainly categorized as two types of models: phase-
resolving (or mass-balance) models and phase-average (or energy-balance) models.  
Phase-resolving models are based on a mass-balance formulation, while phase average 
models such as SWAN (Booij et al. 1999; Ris et al. 1999) are based on the energy-
balance equation.  Phase-average wave models are suited to large scale wave growth and 
wave transformation applications, while phase-resolving wave models are better suited 
to domains with complex bathymetric and geometric features where the effects of wave 
diffraction and reflection can be important.  Phase resolving models are based on the 
elliptic mild or steep slope equation (e.g., Berkhoff 1972; Chamberlain and Porter 1995), 
which is applicable to the full spectrum of water waves, or on the Boussinesq equations 
(e.g., Madsen and Sorensen 1992; Nwogu 1993; Wei et al. 1995), which are traditionally 
limited to shallow water waves.  
 In projects involving harbor/marina design or modifications, computational 
models based on the elliptic mild-slope wave equation are often used to calculate the 
 
     This thesis follows the style and format of Coastal Engineering. 
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requisite wave properties, including the effects of wave refraction, diffraction, and 
reflections in regions with arbitrary geometry.  In recent years, development of several 
codes to solve this equation and of sophisticated finite-element grid generators and 
graphical user interfaces has resulted in many practical models.  Well-known models 
used by engineers include PHAROS, CGWAVE, and EMS. They have been used in 
studies of Ste. Therese de Gaspe Harbor, Kahului Harbor, Morro Bay Harbor, Venice 
Lagoon, Los Angeles/Long Beach Harbor, Barbers Point Harbor, etc.  (Tang et al. 1999; 
Thompson and Demirbilek 2002; Thompson et al. 2002; Panchang and Demirbilek 
2001; Mattioli 1996; Kostense et al. 1988; Bova et al 2000; Zubier et al. 2003; and 
others).   
             When applying models based on mild-slope models to actual harbor/marina 
projects, engineers often meet with the situation, where floating structures exist in the 
modeling domain (e.g., floating breakwaters or docks in marinas).  These structures 
violate the equation’s “free-surface” requirement.  Although full three-dimensional 
models are available (e.g., Yue et al. 1976), these models assume a flat ocean bottom of 
infinite extent.  No models are available at present for solving the full 3-d problem for a 
typical harbor with all its coastal boundary and depth variations.  
 
Mathematical Background 
The governing equation for mild-slope wave models is:  
                  ∇ . (CCg ∇Φ) + (k2CCg)Φ = 0                                             (1) 
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In equation (1), Φ(x,y) is the complex wave velocity potential, C is the wave velocity, Cg 
is the group velocity, and k is the wave number. (The last three quantities are determined 
on the basis of the local depth h(x, y) and the given wave frequency.)  The wave height 
and phase may be estimated from Φ.  Equation (1) is a two-dimensional, vertically-
integrated form of the time-harmonic complex Laplace equation    
                    ∇2 φ (x,y,z) = 0                                                                               (2) 
where     
       φ (x,y,z)  = f(z) Φ (x,y) and f(z)  = (cosh k(z+h))/cosh(kh).                                       (3) 
The vertically integrated form (1), together with the assumption (3), has been 
demonstrated to be valid for ∇h/kh << 1 (Berkhoff 1976). This criterion is usually met 
in most applications. The elliptic equation (1) represents a boundary-value problem, and 
can have internal depth variations and boundaries.  It is therefore widely used for 
performing wave simulations in regions with arbitrarily-shaped (manmade or natural) 
boundaries and arbitrary depth variations.  Unlike the parabolic approximation (e.g., 
Panchang et al. 2000) which has limitations on the angle of wave incidence or the degree 
and direction of wave reflection and scattering that can be modeled, equation (1) is more 
general. 
In this thesis, two methods are explored to solve the elliptic mild-slope equation, 
simultaneously addressing the effects of confined regions with variable bathymetric and 
geometric features and a floating structure. The first method (Method 1) examined 
coupling a 3-d model based on equation (2) in the vicinity of the structure with a 2-d 
model,  based on the vertically averaged equation (1) in the surrounding area. 
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Difficulties in the use of this method would be addressed. The second method (Method 
2) examines an approximate but simpler alternative procedure that is based on a strategy 
first proposed by Tsay and Liu (1983). This approach does not violate the overall two-
dimensionality of the problem. The validity of their approach is examined in detail and it 
is found that although their approximation provides results with the correct trend, the 
actual solutions deviate considerably from the theoretical solutions. Therefore correction 
factors  have been developed and may be used to produce more reliable results using the 
framework of Tsay and Liu (1983).  
 
Method 1 
This involves interfacing a locally 3-d model (near the floating structure) with a 
2-d model in the rest of the harbor domain.  Solving the fully 3-dimensional (2) over the 
whole domain is computationally prohibitive.  Therefore the approach of constructing 
two models in the whole domain was examined by Panchang (2005): one is based on the 
3-d equation (2) and applies only in the immediate vicinity of the structure (Figure1); 
elsewhere another model based on the 2-dimensional (1) is applicable.  The two  
models could then be coupled at the interface. 
In the shaded area (Figure1), the boundary element method was used by 
Panchang (2005) to solve the 3-d model, which involved placing grids only on the 
boundaries.  The "curtain" and the structure itself were discretized into "panels".  The 
panels used were triangular, and the 3-dimensional problem was solved following the 
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boundary element method for most floating structures (e.g. Sarpkaya and Isaacson, 
1981).   
 
Figure 1.  2-D and 3-D model domains. 
 
 
Elsewhere, the 2-d model was solved by the finite element method. The linear 
equation system was solved by conjugate-gradient method (Panchang et al. 1991).  For 
matching along the interface, the solution and the derivative were both not known at the 
interface. So a guess was made, and based on the guess, φ or ∂φ/∂n was used to force the 
next iteration. 
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 Although the two models (the 2-d finite-element and the 3-d boundary element 
model) worked independently without difficulty, the iterative method for coupling the 
two solutions at the interface did not converge.  Panchang (2005) made several attempts 
in order to achieve convergence, including changing the initial guess and switching the 
order of the coupling (i.e. normal derivative provided to the 3d model, solution provided 
to the 2d model), etc.  But the problem of convergence was not solved. Recently, 
Koutandos et al. (2004) have gotten some success with this method, but their work was 
limited to the x-z plane only. Ohyama and Tsuchida (1997) also developed a 2d-3d 
model. The 2-d sub-domain has a hyperbolic vertical variation (as in (3)), the vertical 
variation in the 3-d sub-domain is described with a series of cosine functions.  But their 
method is too difficult to apply for real-world application. 
 
 
Method 2 
In view of the difficulties of the rigorous approach, in this thesis an approximate 
method suggested by Tsay & Liu (1983) for tackling floating structures in the context of 
2-d harbor wave models was explored in detail.  This approach, referred as the TL-
approximation for convenience, merely calls for suppressing the second term on the left-
hand side of (1). As a consequence, the method is extremely simple to implement with 
existing finite element models.  A model grid is first generated as usual without presence 
of the floating structure, grid elements covering the floating structure (in plan view) are 
selected, they are assigned a depth value equal to the under-keel clearance, and the 
coefficient of the second term in (1) is set to zero for these elements.  Clearly, this is an 
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approximate method intended for convenience in engineering practice.  Tsay and Liu 
(1983) justified their approach on the grounds that under the structure, the basic 
continuity equation holds, while outside the area of the structure, the wave equation (2) 
holds.  In reality, wave motion exists under the structure also.  Although Tsay & Liu 
(1983) provided such arguments in support of this approach, their testing of this 
procedure was rather limited. 
 
Project Goals 
In view of the potential efficiency of this approach (relative to the full 3-d 
solution), a detailed examination of the limits of this approximation was undertaken, 
with the goal of determining the errors for a wide spectrum of commonly encountered 
parameters. The parameters are the relative width ka and the relative submergence d/h 
(where a = characteristic structure size, d = draft).  This investigation is done by 
comparing the full Laplace equation with the TL-approximation. The mathematical 
formulation and solution method are given in Chapter II. Through numerical 
experiments, attempts have been made to develop modifications to the TL-
approximation that can minimize its errors (Chapter III), thus improving the 
performance of this approximation for practical problems.  In Chapter IV, the modified 
TL-approximation is validated using three independent tests for which theoretical 
solutions and/or data are available.  A byproduct of this thesis consists of plots of 
transmission coefficients for waves passing an infinitely long cylinder and a rectangular 
floating structure. These problems have been solved analytically (to some extent) in the 
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past. But complex code must be developed to actually calculate these coefficients. In 
fact, the US Army Corps of Engineers’ Coastal Engineering Manual (referred to as 
CEM) provides these coefficients only for a specific geometry as regards a rectangular 
floating breakwater, and Martin and Dixon (1983) provide these values only for a 
specific cylinder geometry in deep water.  Plots for the entire range of kh, ka, and d/h 
values likely to be encountered in practice are provided. In Chapter V, a demonstration 
of the use of the proposed method is provided, along with a 2-dimensional finite-element 
wave model, in Douglas Harbor (Alaska).  The effects of incorporating the floating 
docks in the model are quite distinct and show that the presence of the docks can create 
strong reflections which could adversely impact small-craft operation in some areas.  
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CHAPTER II 
THE FINITE DIFFERENCE FORMULATION 
  
Numerical experiments are performed to compare the solutions of the full 
Laplace equation to the TL-approximation. For this purpose, the case of a rectangular 
floating object of infinite extent is used. The problem shown in Figure 2 is solved. Based 
on the difference between the above 2 solutions, the correction factors would be 
developed to make the solution of TL-approximation match the theoretical ones.  In this 
chapter, the finite difference methods are described to get the theoretical solution for the 
2-D Laplace equation for a wave propagating past one floating dock, and also to obtain a 
solution for the 1-D TL-approximation.  Based on the difference between the above 2 
solutions, correction factors can be developed to make TL-approximation solution match 
with theoretical solutions. 
 
Mathematical Formulation for the Laplace Equation 
The problem is to estimate the transmission and reflection coefficients associated 
with the propagation of a monochromatic wave on a flat sea bed past an infinitely long, 
fixed, floating structure of rectangular cross-section (Figure 2).   
An incident wave φi = (Hi/2) exp(ikx) f(z) is specified at the left boundary HA. 
(Here, the incident wave height Hi is set as 2 meter).  The left and right boundaries are 
placed far enough away from the structure so that the vertical distribution for the 
components propagating away from the structure may be assumed to be f(z).  Along the 
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left boundary HA, the combination of the incident wave and an unknown reflected wave 
of the form φr = (Hi/2) Rexp(-i(kx+β) f(z)  (where R is the reflection coefficient and β is 
the phase shift on the upwave side) gives rise to the following boundary condition 
(Panchang et al. 1991): 
 
 
 
                         
                                          
 
                                                   
 
 
 
 
 
 
 
 
 
Figure 2. Wave transmission past a rectangular floating structure of infinite extent. 
 
                               ∂φ/∂x = ik(2 f(z) - φ)                                            (4)   
Along the right boundary CB, the boundary condition associated with an unknown 
transmitted wave (of the form Texp(i(kx + δ)) f(z)) may be written as 
                               ∂φ/∂x = ikφ                                                 (5)  
where T is the amplitude of the transmitted wave and δ is the phase shift. 
Along the free surface HG and DC, the boundary condition is:  
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                               ∂φ/∂x = (σ2/g)φ                                                                   (6)   
And, finally, along the seabed AB and the boundaries of the structure GF, FE, and DE, 
the normal derivative is set equal to zero. 
 
Solution by the Finite Difference Method  
            The finite difference scheme (as shown in Figure 3) is used to discretize the 2-
dimensional Laplace equation  ( ∇2 φ (x,z) = 0 ) and all of its boundary conditions, 
including the (4), (5), (6), and others. For convenience, the structure is placed the half 
way along the horizontal domain length. 
     
 
Figure 3.  Finite difference scheme. 
 
After discretization, the governing equation ∇2 φ (x,z) = 0 becomes 
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2 2 2 2 2 2
1, , 1 , , 1 1,( 2 2 ) 0i j i j i j i j i jy x y x x yφ φ φ φ φ− − + +∆ + ∆ + − ∆ − ∆ + ∆ + ∆ =                            (7)  
 
Here the central difference scheme is used.                                                 
 
The left boundary condition along AH, represented by equation (5), is discretized as: 
 
 1, 2,
cosh ( )
( 2 ) (2 ) 4
cosh
j j
k h z
xik xik xik
kh
φ φ +− + ∆ + + ∆ = ∆                                                         (8)  
The bottom boundary condition along AB, represented by equation 0
z
φ∂
=
∂
, becomes   
 ,2 ,1i iφ φ=                                                                                                                                              (9)  
 
The right boundary condition along BC, represented by equation (6), is discretized as: 
 
 1, ,( 2 ) (2 ) 0NI j NI jxik xikφ φ− − − ∆ + − ∆ =                                                                                      (10)  
 
The surface boundary condition along CD and GH, represented by equation (7), is 
discretized as:               
 
2 2
, 1 ,
(2 ) ( 2 ) 0h h
i i
y y
y y
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ω ωφ φ
+
∆ ∆
− ∆ + − − ∆ =                                                                                 (11)  
On the structure’s right side, the  boundary condition along DE is discretized as: 
 (NI-1) a (NI-1) a
1 , 2 ,
2 x 2 x
j j
φ φ
+ + + +
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=                                                                                                                  (12)  
 
Along the structure’s bottom, the boundary condition along EF is discretized as: 
 (h-d) (h-d)
, 1 ,
y y
i i
φ φ
+
∆ ∆
=                                                                                                                                     (13)   
On the structure’s left side, the boundary condition along FG is discretized as: 
 (NI-1) a (NI-1) a
1 , ,
2 x 2 x
j j
φ φ
+ − −
∆ ∆
=                                                                                                                      (14) 
 
Finally the resulting system of equations may be expressed in matrix form as 
 [ ]{ } { }A fφ =                                                                                                                                        (15)  
 
where [ ]A  is the system matrix, { }φ is the unknown vector (of the desired grid-point 
values of the wave potential), and { }f  is a vector that contains information from the 
discretized boundary conditions. One method to solve the above equation group is 
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Gaussian elimination, which requires storage for the matrix [ ]A . Note that even when 
there are as few as 100 unknowns, [ ]A  contains 100*100 complex elements. Therefore 
computer storage can be one problem, and solution by direct Gaussian elimination is 
practically impossible for big domains. (In this study, the domain contains at least 7 
wave lengths.)  
As an alternative to Gaussian elimination, the resulting discretized system of 
linear equations is solved by the method of conjugate gradients (Panchang et al. 1991).  
The domains used here were typically at least 7 wavelengths long and at least 17 layers 
in the vertical.  Also ∆x = ∆z is used, thus ensuring a very high level of resolution and 
accuracy in the solutions. The following section presents the detailed procedure. 
 
Solution by Iteration  
The resulting discretized system of linear equations can be solved by the method 
of conjugate gradients (Panchang et al. 1991).  This method does not require the storage 
of [ ]A , but it converges only when the system matrix is symmetric and positive-definite.  
In order to use the conjugate gradient method, the matrix [ ]A  must to be modified to be 
symmetric and positive-definite, or else the conjugate gradient method will not 
converge. 
The existence of corner points, including A, B, C, H, F, E, D and G, destroys the 
symmetry of matrix[ ]A .  Therefore the following procedures are followed to calculate 
the solution in the whole domain: first all above-mentioned corner points are removed 
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from the original calculation domain and the conjugate gradient method can be used to 
acquire the values of the remaining nodes if the remaining calculation domain is 
symmetric. Then the values of unknown corner points would be acquired based on 
known values of nodes through related boundary conditions.  However, it is found that 
even when the corner points are removed  the remaining part of calculation domain is 
still not symmetric, since  nodes E1 and E2 separately are related with the corner point E 
through equation (7); while similarly nodes F1 and F2 are separately related with the 
corner node F.  Through analysis of boundary condition along DE, EF, and FG, it is 
found that the values at E, E1, and E2 equal each other, and similarly the values at F, F1, 
and F2 are identical as well. Based on this, the equation for E1 will become symmetric 
when replacing corner point E with the node E2,  and that for E2 will become symmetric 
when replacing E with E1. Similarly the equations for nodes F1 and F2 can become 
symmetric as well.  So through the above manipulation, the remaining part of domain is 
symmetric. 
Although the system matrix [ ]A  is symmetric, it is still not positive-definite, and 
the basic conjugate gradient method will not work without some remedy. A remedy 
(Panchang et al. 1991) is to use the Gauss transformation, i.e. multiply equation (15) by 
A∗   , the complex conjugate transpose of [ ]A : 
 [ ]{ } { }A A A fφ∗ ∗   =                                                                                                                        (16) 
 
The new coefficient matrix [ ]A A∗    is always symmetric and positive-definite, and the 
modified CG procedure for equation [17] will converge. The algorithm is as follows:  
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1. Select trial values 0φ  (i.e. i=0th  iteration) for all grid points where the solution is 
desired. 
2. Compute for all points 0 0r f Aφ= −  and 0 0*p A r= . 
3. Compute for thi iteration:  
2
2
* i
i
i
A r
Ap
α =  
4. Update 1i i i ipφ φ α+ = + . 
5. Check for convergence of solution. 
6. Compute, for each grid point, 1i i i ir r Apα+ = − . 
7. Compute for  thi iteration:  
2
1
2
*
*
i
i
i
A r
A r
β += . 
8. Compute 1 1*i i i ip A r pβ+ += + . 
9. Set i=i+1, and go to step 3. 
The above procedure is guaranteed convergence although the speed is slow. This is due 
to the coefficient matrix [ ]A A∗    of the transformed equation (16) having a far wider 
spectral range than the original matrix [ ]A . 
 
Validation of the Code 
The code for solving the Laplace equation was checked by comparing its results 
against the analytical solution presented by Drimer et al. (1992) for one case, for which 
2a/h=2, d/h=0.7. In the code the water depth h is set as 4 m, characteristic structure size 
a as 4 m, and draft of floating structure d as 2.8 m.  The solutions are practically 
indistinguishable from those in Figure 2 of their paper. (as shown in Figure 4) 
 16 
0
0.2
0.4
0.6
0.8
1
0 2 4 6 8 10 12
Wavelength/Waterdepth
T
ra
n
s
m
is
s
io
n
 c
o
e
ff
ic
ie
n
t
Analytical Transmission Coefficient
This study
 
Figure 4.  Comparison of analytical solution with code solution. 
 
Solution of the TL-approximation  
            To obtain a solution for the TL-approximation, the governing equation (1) is 
rewrite as: 
   ∂(p∂Φ/∂x )/∂x + qΦ = 0                                                     (17) 
Φ for TL-approximation is different from that for Laplace equation. 
where p(x) = CCg  for all x; q(x) = k
2
CCg  for x < x1 and x > x2 and q(x) = 0  for x1 <  x < 
x2.   The extent of the structure is x1< x < x2  (Figure 3).  Note that to determine p(x) when 
x1 < x < x2 , Tsay and Liu (1983) recommend using the under-keel depth d1 = h - d.  
While solving (17), the left boundary condition (4) (at x=0): 
                               ∂Φ/∂x=ik(Hi - Φ)                                                                    (18)  
The right boundary (5) is valid here as well.  
Based on finite difference method, after discretization, (17) becomes 
     
2
1 1 2 1 1 2 1( ) 0i i ip p p q x p− +Φ − + − ∆ Φ + Φ =                                                           (19)  
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 i  i-1  
i+1 
   ∆x 
    1 
       
2 
Here  p1, p2, and  q1 are shown in Figure 5. 
 
 
 
Figure 5.  Central finite difference scheme for nodes. 
 
Left boundary (4) becomes: 
             1 2( 1) ( 1) 2
2 2
x x
ik ik ik x
∆ ∆
− Φ + + Φ = ∆                                                               (20) 
 Similarly (5) becomes, 
             1
2
( )
2
N N
ik x
ik x
−
+ ∆Φ = Φ
− ∆
                                                                                       (21) 
A solution to (17) may easily be obtained by the above finite-difference method, since 
discretization leads to a tridiagonal system of linear equations which can be easily solved 
by the Thomas algorithm. 
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CHAPTER III 
COMPARISON OF THEORETICAL RESULTS 
 WITH THE TL-APPROXIMATION 
 
A total of 864 simulations was performed to cover a wide range of conditions 
encountered in practice ranging from shallow water to deep water, including kh = 0.1, 
0.25, 0.4, 0.8, 1.2, 2, 2.8, 4, and 8. The size of the structure was described by 0 < ka < 5 
and its immersion by d/h = 0.25, 0.5, and 0.75 corresponding, respectively, to shallow, 
intermediate and deep draft.  
In Figure 6 (a-i), all of the computed transmission coefficients are shown, 
including kh = 0.1, 0.25, 0.4, 0.8, 1.2, 2, 2.8, 4, 8 for d/h = 0.25, 0.5 and 0.75.  The 
reflection coefficient can be computed based on R
2 
= 1- T
2
. These curves may be used by 
engineers to supplement the single curve provided by the Coastal Engineering Manual 
(2001), which is applicable only for 0 < ka < 2.0 and d/h = 0.14; or by Drimer et al. 
(1992), whose Figure 2 is applicable only for a/h =1 and d/h = 0.7 in water of finite 
depth.  
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Figure 6. Modelled transmission coefficients for wave transmission past a rectangular floating structure of 
infinite extent. (a) kh=0.1, (b) kh=0.25, (c) kh=0.4, (d) kh=0.8, (e) kh=1.2, (f) kh=2. 
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Figure 6. Continued. (g) kh=2.8, (h) kh=4, (i) kh=8. 
 
The results of the TL-approximation are also plotted in Figure 6, and they appear 
to match the theoretical results very well in shallow water, but the degree of mismatch 
becomes high for intermediate and deep water. However, the TL-approximation shows 
the same trend as the theoretical solutions, and suggests that a simple ad-hoc adjustment 
to the method may yield results closer to the theoretical solutions.  Among several 
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possible ways of doing this, the approach of retaining q = 0 while adjusting p 
appropriately  is examined (as per the original proposal of Tsay & Liu (1983)). While 
Tsay & Liu (1983) calculated p based on the under-keel clearance d1, an attempt was 
made on a simple modification of the form αd1, where α is a ‘correction factor’.  A large 
number of simulations were performed using trial values of α until the results of the 
“modified TL method” matched the theoretical solutions within 2%. The correction 
factors so obtained are shown in Figure 7. 
 
 
(a)
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5
ka
C
o
rr
e
c
ti
o
n
 f
a
c
to
r
Correction Factor,d/h=0.25
Correction Factor,d/h=0.5
Correction Factor,d/h=0.75
(b)
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5ka
C
o
rr
e
c
ti
o
n
 f
a
c
to
r
 
(c)
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5
ka
C
o
rr
e
c
ti
o
n
 f
a
c
to
r
(d)
0
0.2
0.4
0.6
0.8
1
0 1 2 3 4 5
ka
C
o
rr
e
c
ti
o
n
 f
a
c
to
r
 
Figure 7. Correction factors and best-fit curves. (a) kh=0.1, (b) kh=0.25, (c) kh=0.4, (d) kh=0.8. 
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Figure 7. Continued. (e) kh=1.2, (f) kh=2, (g) kh=2.8, (h) kh=4, (i) kh=8. 
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For shallow water and shallow draft, α is roughly equal to unity (as expected). 
But for deep draft, the TL-approximation needs to be modified by α ≈ 0.7.  For 
intermediate and deep water, α is not constant but shows an increasing trend with ka. In 
very deep water, the mismatch is large. Note that for short waves (relative to 
submergence), T → 0. This requires us to create a high level of wave blockage, which 
can be accomplished by α → 0  with the modified TL-approximation, as seen in Figure 7 
(for kh = 4).  Of course this result would not hold if d/h were much smaller than the 
smallest value investigated here (which is typical in engineering practice).  
 
 
 
(a) 
0 
0.02 
0.04 
0.06 
0.08 
0.1 
0.1 0.6 1.1 1.6 2.1 2.6 3.1 3.6 
A
  
d/h = 0.25 
d/h = 0.50 
d/h = 0.75 
 
(b) 
0 
0.2 
0.4 
0.6 
0.8 
1 
0.1 0.6 1.1 1.6 2.1 2.6 3.1 3.6 
kh 
B
  
d/h = 0.25 
d/h = 0.50 
d/h = 0.75 
 
Figure 8.  A and B values for determining α. 
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Plots similar to those in Figure 7 were produced for all cases examined. The best 
fit curve for these had the form of α = Aln(ka)+B. The corresponding A and B are given 
in Figure 8.  For kh < 0.1 and kh > 4, we recommend using the A and B values 
corresponding to these thresholds.  For convenience, the numerical values corresponding 
to Figure 8 are given in Table 1. 
 
TABLE 1.  NUMERICAL VALUE CORRESPONDING TO FIG.7. 
 
A         
kh 0.1 0.25 0.4 0.8 1.2 2 2.8 4
d/h = 0.25 0 0 0.0681 0.0838 0.0737 0.0392 0.0173 0.0034
d/h = 0.50 0 0.0233 0.0776 0.0889 0.0675 0.0248 0.0074 0.0013
d/h = 0.75 0 0.0118 0.0669 0.0664 0.0364 0.0157 0.0036 0.0005
B         
kh 0.1 0.25 0.4 0.8 1.2 2 2.8 4
d/h = 0.25 0.9525 0.9487 0.8321 0.6671 0.4454 0.1459 0.0522 0.0139
d/h = 0.50 0.8935 0.8431 0.7375 0.5138 0.2934 0.0731 0.0185 0.0028
d/h = 0.75 0.7568 0.6965 0.6133 0.401 0.1977 0.0491 0.0102 0.001
 
       
Results of the modified TL-approximation obtained with A and B values selected 
from Figure 8 are also plotted in Figure 6. As expected, the results are close to 
theoretical solutions. 
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CHAPTER IV 
VALIDATION 
 
In order to test the validity of the modifications proposed above for situations 
beyond the ones from which they were derived, the modified TL-approximation was 
applied to the following cases for which laboratory data or analytical solutions are 
available.  
 
Square Floating Breakwater  
Koutandos et al. (2004) have presented data pertaining to transmission 
coefficients for waves passing a fixed, infinitely long, floating breakwater of rectangular 
cross-section with d/h = 0.5 with a/h = 0.25. Although this case is similar to those 
described in Chapter II and III, the laboratory data can serve as an independent test of 
the modified TL-approximation. This case pertains to wave propagation in intermediate 
depths. The results of the original TL-approximation using the under-keel depth to 
calculate p are compared in Figure 9 with the lab data. It can be seen that there is 
considerable mismatch, which seems to be increasing with ka. On the other hand, the 
results of modified TL-approximation, obtained by using A and B values from Figure 8, 
show good agreement with the measured transmission coefficients.  
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Figure 9. Wave height comparison with data presented in Koutandos et al. (2004). 
 
Infinitely Long Cylinders  
Ijima et al. (1976) calculated transmission coefficients for waves passing one 
infinitely long cylinder and two in-line cylinders (Figure 10) by solving the Laplace 
equation via the boundary element method. Their “theoretical” results, along with 
laboratory data they collected for these cases, are shown in Figure 11. These tests 
pertained to the intermediate water depth regime.  While using the modified TL-
approximation for these simulations, the under-keel clearance d1 changes at every grid 
point. Although a variable α can be used, here an approximate value of α was estimated 
based on an equivalent rectangular immersed area of the same width as the cylinder. 
Figure 11 indicates that the results of the modified TL-approximation show much 
smaller discrepancies than those of original TL-approximation, when compared with 
both the theoretical results and the measured data provided by Ijima et al. (1976). 
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Figure 10. Wave transmission past floating cylinder(s) of infinite extent (a = 0.16m; h = 0.4 m). 
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Figure 11. Wave height comparison. Theoretical solutions and data from Ijima et al. (1976). (a) one 
cylinder, (b) two cylinders. 
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For the case of similar cylinders in deep water, Martin and Dixon (1983) 
developed an analytical method to calculate the transmission coefficient and presented 
them in the form of a table for the practitioner’s benefit. By way of validation, we 
performed numerical simulations in the deep water regime for ka > 3. (Smaller values of 
ka lead to smaller values of d/h ratios for a cylinder with its centerline corresponding to 
the water surface, as in Figure 10). The results, shown in Figure 12, again indicate that 
the modified TL-approximation is a significant improvement compared with the original 
approximation. 
 
 
0
0.1
0.2
0.3
0.4
0.5
4 6 8 10
ka
T
ra
n
s
m
is
s
io
n
 c
o
e
ff
ic
ie
n
t
Theoretical Solution
TL Approx.
Modified TL Approx. 
 
 
Figure 12. Wave transmission coefficients for wave propagation past a cylinder in deep water. 
 
 
Since these simulations of selected cases pertaining to infinitely long cylinders 
show that the modified TL-approximation is able to reproduce the theoretical results 
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reasonably well, used as a surrogate for the Laplace equation, curves were developed for 
transmission coefficients in shallow, intermediate and deep water depth. These curves, 
provided in Figure 13, may be used by the engineer to supplement the table provided by 
Martin and Dixon (1983) for deep water applications. 
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Figure 13. Modelled transmission coefficients for wave transmission past a cylindrical floating 
structure of infinite extent. 
 
Floating Dock of Square Planform  
Yue et al. (1976) have presented complete solutions of the full 3-d Laplace 
equation for wave scattering by a floating dock of square planform situated in water of 
constant depth (Figure 14). Note that this is not an x-z problem anymore and the TL-
approximations cannot be used with the 1-dimensional equation (17). Instead, they are 
used with two-dimensional equation (1), to which Bessel-Fourier functions (e.g., Mei 
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1983, Xu et al. 1996) are applied as open ocean boundary conditions. Eq. (1) is then 
solved through the use of a finite-element grid developed with the graphical interface 
contained in the “Surface Water Modeling System” (Zundel et al. 1998).  While 
developing the 2-d grid, the area covering the dock is also filled with finite elements; 
each node is assigned a depth equal to the local under-keel clearance times the correction 
factor α and q is set equal to zero. The parameters in the simulations are a = h = 1m, d/h 
= 0.5 and ka = 1, 2, 3 (corresponding to the cases described by Tsay and Liu (1983)).  
The results are shown in the form of amplification factors along the periphery of the 
dock in Figure 15. Although the correction factor α was developed in Chapter III using 
“infinitely long” floating structures, its use in the present multidirectional scattering 
problem produces results close to the full 3-d results for a wide range of ka values. 
 
Figure 14.  Wave propagation past a rectangular floating dock in circular domain of constant depth (x-axis 
corresponds to θ  = 0). 
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Figure 15. Wave height comparison. 3d solutions from Yue et al. (1976): (a) ka=1, (b) ka=2, (c) ka=3. 
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CHAPTER V 
PRACTICAL APPLICATION 
 
In view of the satisfactory results obtained with the modified TL approximation, 
it is used in conjunction with a frequently-used harbor wave modeling package called 
CGWAVE (e.g., Zubier et al. 2003; Demirbilek and Panchang 1998; Tang et al. 1999; 
Thompson et al. 2002) to demonstrate the effect of floating docks in a marina. This work 
was primarily done by Li et al. (2005), on the basis of correction factors (α)  determined 
earlier in the thesis. Most of this harbor modeling was done as an expansion of a project 
done by Mr. Li and Professor Panchang. All this description is taken from Li et al. 
(2005). 
The application pertains to ongoing design studies for the expansion of Douglas 
Harbor, situated on the west side of the Gastineau Channel in Alaska. The channel is 
approximately 2 km wide, and one angle of wave incidence that is of interest to design 
considerations is normal incidence across the channel. 
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Figure 16. Bathymetry for a portion of Douglas Harbor modeling domain containing 5 floating docks, 
depth in meters. 
 
The depth in the harbor, which is approximately 325 m by 165 m in size, varies 
from approximately 9.5 m to very small values at the coastal boundary. (The location of 
this boundary fluctuates due to a high tidal regime; only one tidal condition is described 
here). A part of the bathymetry is shown in Figure 16. For discussion purposes we 
consider linear wave conditions with input period = 4.4 s and height = 2 m, although 
design wind wave conditions at the site may be different. A triangular finite-element grid 
with 14 points per wavelength was constructed; this resulted in approximately 180,000 
nodes and 355,000 elements. The coastal boundary was assigned zero reflection. The 
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open boundary, denoted by the semicircle in Figures 17 and 18, was treated as per the 
mathematical formulation developed by Panchang et al. (2000).  A depth-limited 
breaking criterion was applied to the solution of eq. [1], although other breaking models 
could also be used (Zhao et al. 2001).   
            The results in Figure 17, depicting modeled phases and wave heights for the case 
with no docks, show penetration of waves into the harbor and a nearly classical 
diffraction effect.  The maximum wave height near the harbor entrance (near A) is 
approximately 2.6 m representing an amplification of 1.3. However, the uniform phase 
pattern in the harbor is considerably distorted when 5 docks (of widths varying between 
1.8 m and 4.8 m) are inserted in the domain.  (The docks are assumed to be fixed and the 
wave field is assumed to be unaffected by the tethering mechanisms.)  The simulation 
with the docks is accomplished by simply highlighting the grids representing the dock 
and modifying the depth (using the appropriate correction factor α to change the under-
keel depth d1 to αd1); also, the grid resolution in the vicinity of the docks must be 
increased because the water depths are now smaller. This is not difficult to implement 
since most grid generators allow “automatic refinement” in selected areas. The resulting 
simulation (Figure 18) shows three differences with Figure 17. First, the presence of the 
docks leads to considerable attenuation of the waves on the lee side of the dock marked 
PQ in Figure 16. Second, reflections within the dock area, manifested by the distorted 
phase pattern and considerable wave height variability are seen in the model results.  For 
example, the waves are as high as 3.2 m on the up-wave side of the dock PQ (near P); 
also, changes in the range of 2.6 m to 0.2 m in the region between RP and ST occur. This 
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suggests that proper attention must be paid to the appropriate location of the docks to 
avoid undesirable motion of docked boats.  Finally, and perhaps most significantly, a 
reflective pattern (near B), created largely by the dock RP, propagates up-wave from the 
docks into the area outside the harbor. As a result, considerably larger wave heights 
occur near the harbor entrance (indicated by darker patterns in the gray-scale plots); the 
maximum value is approximately 3.9 m (near B), representing (nearly) standing waves 
and an increase of almost 50% relative to the case without the docks. This increase is 
consistent with the amplification on the upstream side seen in the theoretical results in 
Figure 15. The standing wave pattern in the entrance channel area may be of some 
concern from a navigation perspective, especially for small craft utilizing such harbors. 
At this time the U.S. Army Corps of Engineers (Alaska District Office) is in the process 
of designing a re-configured entrance channel at Douglas Harbor that includes a new 
wave barrier on the north side and an extension of the existing breakwater on the south 
side (not shown). 
It is noted that these results are shown only by way of demonstration of the use 
of the modified TL-approximation; the effect of mechanisms not included here such as 
frictional damping and wave-wave interaction (e.g., Panchang & Demirbilek 2001) may 
lead to different solutions.  
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Figure 17. Modelled phases and wave heights (m) in Douglas Harbor, with no docks. 
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Figure 18. Modelled phases and wave heights (m) in Douglas Harbor, with docks. 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 
 
The approximate method proposed by Tsay and Liu (1983) to incorporate 
floating   structures in a two-dimensional elliptic harbor wave model is extremely 
convenient for the engineers to implement with currently available harbor wave 
modeling technology; however, it produces results which deviate considerably from the 
solution of the Laplace equation. By performing a large number of tests that compared 
solutions of the TL-approximation with those of the Laplace equation, a simple 
modification to the original TL-approximation was developed. This involves adjusting 
the under-keel depth by a factor α = Aln(ka)+B, where A and B are given in Figure 8 for 
different values of relative submergence. The modified TL-approximation yields 
improved results over the original TL-approximation, when compared to both laboratory 
data and theoretical results, for a wide range of conditions. By way of practical 
demonstration, the modified TL-approximation is applied to Douglas Harbor (Alaska). 
For the case examined, the floating docks in the harbor are shown to considerably 
attenuate the wave heights near some of the harbor coastlines relative to currently-used 
models (that do not contain the facility to model the effects of the floating structures). 
However, the docks are shown to create a reflective pattern in the dock area and another 
reflective pattern that propagates up into the area of the harbor entrance/navigation 
channels; these reflections, in principle, can be detrimental to transiting or docked 
vessels unless the dock layout is properly designed. 
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In the future, field validation of the model enhancement described here will be 
performed.  Many basic harbor wave simulation models have been validated in the field 
(e.g., Panchang and Demirbilek 2001), but without the effects of docks.  The 
performance of the model under the influence of irregular waves will also be examined.  
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